When grown under anaerobic conditions, Neisseria gonorrhoeae, the etiologic agent of the sexually transmitted disease gonorrhea, expresses several novel outer membrane proteins. One of these, Pan 1, has an apparent molecular mass of 54 kDa in electrophoresis and is recognized by serum samples from patients with gonococcal infection. The presence of antibodies to this protein in patient sera suggests that Pan 1 is expressed during gonococcal infection and, more importantly, that N. gonorrhoeae grows anaerobically in vivo. We have cloned the Pan 1 structural gene, anL4, by screening a gonococcal Agtll expression library with monospecific, polyclonal anti-Pan 1 antiserum. Three distinct immunoreactive recombinants, containing overlapping fragments of DNA, were isolated and confirmed to be coding for Pan 1 protein sequences. Northern (RNA blot) hybridization of an insert from an ani4 recombinant to total gonococcal cellular RNA revealed the presence of a 1.5-kb transcript that was specific to RNA from anaerobically grown gonococci, indicating that the ani4 gene is regulated at the transcriptional level and is monocistronic. To characterize the aniA gene, we have sequenced the entire 2-kb region spanned by the overlapping recombinants. We have also performed primer extension analysis on RNA isolated from aerobically and anaerobically grown gonococci in order to define the ani4 promoter region. Two putative primer extension products specific to organisms grown anaerobically were identified by homology to known Escherichia coli promoter sequences, suggesting that the regulation of anL4 expression involves multiple promoter regions.
Pathogenic bacteria often coordinately regulate the expression of virulence factors in response to particular environmental stimuli (8, 31) . Thus, it is often useful to monitor the expression of environmentally regulated genes, as these genes may be directly related to survival or pathogenesis of the organism in vivo. Neisseria gonorrhoeae survives and proliferates in the genitourinary tract with many obligately anaerobic organisms. However, only recently has anaerobic growth of N. gonorrhoeae been investigated. Short et al. (39) first reported that both laboratory strains and clinical isolates of N. gonorrhoeae survive exposure to an anaerobic environment. With nitrite used as a terminal electron acceptor, Knapp and Clark (23, 24) showed that the gonococcus grows anaerobically in vitro. All of 204 gonococcal isolates tested were able to grow anaerobically on plates provided that a subtoxic concentration (2 mM) of nitrite was added. Subsequent work showed that when grown under anaerobic conditions, N. gonorrhoeae induces the synthesis of several novel outer membrane proteins (4) . One of these anaerobically induced outer membrane proteins, Pan 1, migrates as a 54-kDa diffuse band in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). No detectable Pan 1 protein is evident when gonococci are grown under aerobic conditions.
Using sera from women with various types of gonococcal infection in immunoblots against gonococcal outer membranes from aerobically or anaerobically grown cells, Clark et al. (5) showed that a strong immune response was generated against the Pan pelvic inflammatory disease all generated antibodies against the Pan 1 protein as well as against some of the other gonococcal surface antigens. However, there were no antibodies to Pan 1 in serum from an individual without a history of gonococcal infection. This is unlike other gonococcal antigens, such as protein I (38) , protein III (34) , pilin (17) , Lip (17) , and the 37-kDa iron-repressible protein (10) , which have been found to be reactive to serum from patients with no prior exposure to N. gonorrhoeae (17) . These preexisting antibodies are presumed to be due to exposure to other Neisseria species that are commonly found in the normal flora. Moreover, in patients infected with N. gonorrhoeae, immunoglobulin M (IgM) response, which represents antibody made in response to a recent infection, was directed against the Pan 1 protein, indicating that Pan 1 may be the predominant antigen recognized during gonococcal infection (5) .
That the gonococcus regulates the expression of several outer membrane proteins in response to oxygen availability suggests that anaerobiosis is an important physiological state for this organism. Most probably, the gonococcus can grow anaerobically in vivo as well, since it is often isolated in mixed infections with obligate anaerobes from women with pelvic inflammatory disease. The presence of antibodies to the Pan 1 protein in patients with gonococcal infection suggests not only that Pan 1 may be an important antigen recognized by the host immune system but, more importantly, that N. gonorrhoeae does grow anaerobically in vivo. Thus, anaerobiosis and the expression of these novel anaerobically induced proteins, especially the Pan 
MATERIALS AND METHODS
Immunoscreening of a Agtll gene bank. An N. gonorrhoeae R10 expression library was constructed in Xgtll as described before (13) . For screening the library, approximately 5.0 x 104 PFU/ml were plated per 150-mm plate on E.
coli Y1090 (20, 30, 45) . Phage were allowed to grow at 42°C for approximately 3.5 h, at which time they were overlaid with a 0.45-p,m nitrocellulose disk that had been saturated with 10 mM isopropyl-o-D-thiogalactopyranoside (IPTG).
The plate was incubated at 37°C for an additional 3 h, and duplicate filters were made. The filters were removed, washed briefly in TBST (10 mM Tris-HCl [pH 8.0], 150 mM NaCl, 0.05% Tween 20), and then incubated for 1 h in TBST containing 1% bovine serum albumin (BSA). The filters were washed three times for 10 min each in TBST, incubated for 1 h with a 1:500 dilution of monospecific, polyclonal anti-Pan 1 antiserum (18) diluted in TBST containing 5% BSA, and then washed three times again in TBST for 10 min each. To identify immunoreactive plaques, the filters were incubated for 1 h with a 1:7,500 dilution of anti-mouse IgG alkaline phosphatase conjugate (Promega) in TBST, washed three times in TBST, and then transferred to a fresh petri plate containing the alkaline phosphatase color development substrate solution. Positive plaques were picked and eluted into phage suspension medium, replated, and screened until all plaques were positive. Stocks of recombinant phage were prepared by the plate lysate method (36) and stored over chloroform at 4°C.
PCR amplification of recombinant clones. Insert DNA from recombinant phage were amplified by polymerase chain reaction (PCR) by the procedure of Herrmann et al. (16) with 5 Il of phage lysate (1010 PFU/ml) and Xgtll forward and reverse primers (Promega).
Elution of antibodies from putative clones. Purified immunoreactive plaques were plated as described above on a 90-mm LB plate at a density of about 5 x 104 PFU and incubated at 42°C. After 3 h, a nitrocellulose disk that had been saturated in IPTG was overlaid and incubated at 37°C overnight. Filters were removed, washed in TBST, and then incubated in TBST containing 1% BSA for 1 h. Filters were washed three times in TBST, incubated for 2 h with a 1:500 dilution of anti-Pan 1 antiserum, and washed again in TBST. Antibodies that were bound to the plaques were eluted with 5 ml of 150 mM glycine-HCl, pH 2.3, for 15 min (13) (14) (15) .
Eluted antibody was collected and neutralized to pH 7.0 with Tris-HCl (pH 7.4) and then used in immunoblots against outer membrane proteins from N. gonorrhoeae grown aerobically and anaerobically.
Lysogen production and preparation of whole-cell extracts. To determine whether the putative recombinants produced ,-galactosidase fusion proteins, lysogens of each of the putative recombinant phage were generated in E. coli Y1089 as described by Huynh et al. (20) , and whole-cell extracts were prepared. Lysogenic strains were grown at 30°C and an optical density at 600 nm of 0.5 and then shifted to 42°C for 20 min. IPTG was then added to a final concentration of 10 mM, and the cultures were shifted to 37°C for 1 h. Cells were collected by centrifugation and resuspended in lx SDS-PAGE sample buffer (25) , and extracts were analyzed by SDS-PAGE (25) and immunoblotting (42) as described previously (18) .
A DNA isolation. Large-scale preparation of recombinant phage particles and extraction of phage DNA were done by standard techniques (36) . Phage lysates were stored over chloroform at 4°C.
RNA isolation. RNA was extracted from aerobically or anaerobically grown cells by the method of Summers (40) . Briefly, N. gonorrhoeae F62 was grown aerobically (three plates) or anaerobically (30 plates) on GCK plates as described before (4, 24) . Cells were harvested into Tris-sucrose buffer (2.5 ml) on ice and centrifuged, and the pellet was resuspended in 10 ml of Spheroplast buffer (40) containing lysozyme (4 mg). This mixture was incubated on ice for 15 min and then centrifuged. Spheroplasts were then resuspended in 0.5 ml of lysis buffer (40) to which diethylpyrocarbonate (DEPC; 15 ml) was added, and the mixture was transferred to a fresh Eppendorf tube and incubated at 37°C for 5 min. Saturated NaCl (0.25 ml) was added, and the mixture was stored on ice for an additional 10 min. Cell debris was removed by centrifugation at 48,000 x g for 10 min, and the supernatant was removed to a fresh tube and ethanol precipitated overnight. RNA was collected by centrifugation, washed in 70% ethanol, dried at room temperature, and resuspended in 99 ,ul of DNase buffer (40) . DNase (10 p,g) was added, and the mixture was incubated at 37°C for 1 h. Samples were phenol-chloroform extracted, ethanol precipitated, redissolved in 100 ,ul of DEPC-treated H20, and stored at -70°C. Concentration and purity were assessed by measuring the optical density at 260 and 280 nm. All stock solutions and buffers were treated with DEPC or made with DEPC-treated H20.
RNA gel electrophoresis and Northern hybridization. RNA (10 Rg) from aerobically and anaerobically grown cells was electrophoresed though a 1.2% agarose gel containing glyoxal and dimethyl sulfoxide in 10 mM NaHPO4 running buffer at 40 V for 2.5 h (36) . After electrophoresis, gonococcal RNA was transferred to nitrocellulose, hybridized to insert DNA from recombinant Xgt3.1 that had been labeled with [a-32P]dATP by random priming (9), and washed as described before (36) . Subcloning aniA inserts into pKS. DNA from the aniA-Agt recombinants was digested with EcoRI, and the fragments were separated on a 1% agarose gel. EcoRI fragments were isolated from the gel by electroelution, ligated to EcoRIdigested pKS (Bluescript; Stratagene), and transformed into E. coli JM83. Large-scale plasmid DNA from the aniA transformants was prepared by cesium chloride density gradient centrifugation (36) (Fig. 3) . Extracts from recombinant lysogens Xgt3.1 and Xgt4.2 clearly reacted with the anti-Pan 1 serum only when IPTG was added. Polypeptides recognized by the antibody had an apparent molecular mass greater than that of ,-galactosidase and also reacted with anti-p-galactosidase antiserum (data not shown), indicating that they were P-galactosidase fusion products. There was no expression from these lysogenic recombinants without the addition of IPTG, suggesting that expression of the fusion protein was under control of the lac promoter. On this immunoblot (Fig. 3) , extracts from recombinant lysogen Xgt2.1 did not appear to react with the antiserum. However, when a higher percentage of polyacrylamide was used, a specific immunoreactive band of about 20 kDa was produced (Fig. 4) , which was also made only when IPTG was added. Apparently, recombinant Xgt2.1 makes a truncated Pan 1 protein that contains the 5' end of the gene. A summary of the fusion protein data is given in Fig. 1 Lysogens of the recombinants were generated as described in the text, grown in LB at 32°C until mid-log phase, and then shifted to 42°C for 20 min. was performed on RNA that was isolated from aerobically and anaerobically grown gonococci. Equal amounts of purified RNA were separated on a 1% agarose-glyoxal-dimethyl sulfoxide gel, transferred to nitrocellulose, and hybridized to labeled insert DNA from recombinant Xgt3.1, which represented a DNA fragment that was internal to the aniA coding region. A single transcript of approximately 1.5 kb, specific to RNA from anaerobically grown cells, was evident (Fig. 5) . No apparent signal was observed in the lane containing RNA from aerobically grown cells. The absence of any signal from aerobically grown cells suggested that expression of the aniA gene was tightly regulated in N. gonorrhoeae and that regulation occurred at the transcriptional level. Furthermore, these results suggest that the aniA transcript is monocistronic.
DNA sequence of the ani4 gene. The results from the Northern hybridizations and the fusion protein analysis and the affinity of the recombinant plaques for anti-Pan 1 antibody confirmed that these immunoreactive plaques contained DNA that coded for Pan 1 epitopes. To sequence the region that these inserts spanned, EcoRI fragments were isolated from recombinants Xgt2.1 and Xgt4.2 and subcloned into the plasmid vector pKS (Bluescript; Stratagene), generating four subclones (Fig. 1) . In order to ascertain the correct orientation of each insert and to exclude the possibility that there might be a small EcoRI fragment that was not detected by restriction mapping, direct sequencing of the original lambda recombinant was occasionally performed.
DNA sequence information was obtained from both strands of the four pKS subclones by dideoxy sequencing of double-stranded templates with the Sequenase enzyme (USB). The DNA sequence of the entire 2-kb region spanned Fig. 3 are due to the extent of adsorption of the anti-Pan 1 antiserum against E. coli extracts.
by the overlapping fragments of the aniA gene is shown in Fig. 6 otide sequence approximately 100 nucleotides downstream of the presumed aniA ATG translational start site. The primer was labeled with polynucleotide kinase, annealed to the RNA template, and then extended with Moloney murine leukemia virus reverse transcriptase. Products from the extension reaction were separated and analyzed on an 8% polyacrylamide sequencing gel (Fig. 7) . Two putative extension products were present in lanes containing RNA from cells grown anaerobically. Other small products, probably representing pause sites of the reverse transcriptase enzyme, were observed. No extension products were present in lanes containing RNA from aerobically grown cells, indicating that no detectable aniA4-specific mRNA was produced aerobically. To dismiss the possibility that the RNA from aerobically grown cells was degraded or lost, Northern hybridizations were performed with a probe from the oxiA gene, a gonococcal gene that is aerobically induced (4, 44) . RNA samples from both aerobically and anaerobically grown gonococci yielded a positive signal (data not shown).
A map of the ani4 promoter region, demonstrating the transcriptional start sites for the two putative extension products and the 5' end of the gene containing the translational initiation signals, is shown in Fig. 8 . The larger, and less prevalent, putative extension product, Ti, mapped to a transcriptional start site whose promoter has homology with the -10 region of u70-recognized promoters (Fig. 7) . Homology to the -35 region of a70 promoters could not be determined because the insert DNA from the recombinant clone did not contain sequences further upstream. The more-prominent putative extension product, T2, mapped to a transcriptional start site whose promoter displays extensive homology to the -10 and -35 regions of E. coli "gearbox" promoters (1, 2) . These promoters appear to be 6 . DNA sequence of the aniA gene from N. gonorrhoeae R10. Sequence information was derived from the overlapping recombinants Xgt2.1 and Xgt4.2, encompassing 2,069 bp. The EcoRI sites at the 5' and 3' ends of the sequence represent vector sequence. The ATG initiation codon at nucleotide 87 is underlined and is preceded by a ribosome-binding site 8 bp upstream (boldface type). The TAA termination codon at nucleotide 1263 is underlined. About 100 bp downstream of the TAA codon is a region of dyad symmetry (inverted arrows), which probably represents the transcriptional termination site. The triangles represent EcoRI sites that were used to create subclones. Regions spanning the internal EcoRI sites were sequenced from the original lambda recombinants to exclude the possibility that an additional EcoRI fragment was present and to verify the orientation of the pKS subclones. involved in the regulation of genes that are induced by entry DISCUSSION of E. coli into the stationary phase (3, 26, 27 (12) . The results from the primer extension experiment suggested the presence of two functional and independent promoters. The larger, less-abundant putative extension product correlated to a promoter containing a typical -10 region of a70-recognized promoters. Upstream regulatory regions including the -35 region of cr70-recognized promoters could not be evaluated for consensus because the DNA from the original lambda recombinants did not contain further-upstream regions. Interestingly, the more prominent of the putative primer extension products correlated to a promoter with extensive homology at the -10 and -35 regions to recently described gearbox promoters of E. coli. These types of promoters have been found in genes that are induced during the stationary phase. Many E. coli genes have been shown to be induced upon entry into the stationary phase; they include boUl, a gene involved in certain morphogenetic pathways (1, 26, 27) ; the mcb operon, which codes for microcin B17 (7); thefts operon, which is important in cell division (2); katE, the gene that codes for the HPII catalase structural gene (28) ; the xth gene, encoding exonuclease III (35) ; appA, the structural gene for acidic phosphatase (41) ; and certain glg genes, which are involved in glycogen production (26, 27) . All of these genes except mcb are positively regulated by the product of the rpoS gene (as), a putative (r factor that is induced during stationary phase (32, 33, 43) . However, only three of these genes have been found to contain the gearbox promoter; they are boUl, ftsZ, and mcb (3, 43) . It was originally postulated that the gearbox promoter may be a specific recognition sequence for os. Recent studies by Lange and Hengge-Aronis (27) and Bohannon et al. (3) , however, have disproved this hypothesis. Although the gearbox promoter is not the recognition sequence for a', it is nonetheless essential for stationaryphase induction. Removal of the gearbox consensus sequence resulted in loss of stationary-phase regulation (2) . It may be that the gearbox is recognized by an unidentified activator protein that is specifically induced by or. Alternatively, the gearbox could still be the recognition site for an undefined v factor that is present in stationary-phase cells or is induced by some other environmental condition. The exact role of the gearbox in initiation of transcription remains to be elucidated.
A problem in interpreting results from primer extension analysis is that the reverse transcriptase enzyme is not very processive and thus occasionally pauses and stops at sites along the transcript, particularly at regions with high G+C content. These sites are seen as minor lower-molecularweight bands on the sequencing gel. It is conceivable that the smaller, more-abundant band is simply a truncated extension product and does not indicate a real transcriptional start site. There are several reasons why we believe that this putative extension product represents an actual start site. First and most important, this band is the more prominent extension product, maps perfectly at the -10 and -35 regions to a defined E. coli promoter, and maintains the proper spacing. Second, this extension product ends in an A+T-rich region that was preceded by a string of six G residues. If this were indeed a truncated extension product, then it would be expected that the reverse transcriptase would terminate in the region containing the string of G's. Lastly and most speculative is that since aniA expression is strictly controlled, it is likely that regulation is a complex event that may require several promoters. One of these promoters may be recognized by an alternative or factor. Previous work in our laboratory has shown the presence of multiple gonococcal v factors that may be operative in gene regulation (22) .
The presence of two promoters that regulate transcription of the same gene is not without precedent and is being found more commonly in highly regulated genes. In a survey of 107 a70 promoters, Collado-Vides et al. (6) found that 49 of these 107 promoters contain complex promoters. Of these 49 complex promoters, 27 have multiple promoters, 10 are subject to multiple levels of regulation, and 12 are regulated by both. For the stationary-phase-induced boUl gene mentioned above, two promoters have been identified, an upstream promoter that is homologous to a70 promoters and a gearbox promoter, which is nearer to the translational start site. Very little transcription occurs from the o70 promoter (2) . However, the gearbox promoter element, which overlaps the c70 promoter, is essential for stationary-phasedependent induction of the boU gene product (2) . An analogous situation occurs in the aniA gene, in which the two putative promoters overlap, with the gearbox promoter closest to the translational start site and little transcription initiated from the c70 promoter. However, the situation is more complicated in ani4 because this gene is so tightly regulated by anaerobiosis. From preliminary experiments on the expression of ani4 in E. coli (data not shown), it seems likely that other trans-acting factors are involved in regulating aniA expression. We are currently cloning the region upstream of the aniA transcriptional start sites in order to delineate the exact nature of the regulatory signals that govern the expression of the ani4 gene in N. gonorrhoeae.
